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(57) ABSTRACT

A program verification method is for a nonvolatile memory
device which programs a plurality of memory cells. The
program verification method includes applying a plurality of
verification voltages, and determining whether programming
of memory cells, having different target threshold voltage
distributions, from among the plurality of memory cells is
completed based on one of the plurality of verification volt-
ages.

20 Claims, 23 Drawing Sheets

PL4 PLn-1 PLn

PGM
Step

Verify} PGM [Verify| PGM |Verify
Step iStep| Step [Step| Step

P \—
PGM | Verify . e PGM |Verify | PGM |Verify
Step| Step Step| Step |Step| Step

Voltage

PGM_3
A V"Q"’If PG

eill il il

PRI

PGLn-1

PGM_4

eyl Wiy2 Vvfyd

Time



U.S. Patent Aug. 2, 2016 Sheet 1 of 23 US 9,406,393 B2

FIG. 1

100
1/20 110
ssL.
"
ast
ADDR ——» ggggggf ; Memory Cell Array
A
130 4BL 140
/ ’

Page Buffer

CMD —— Control
Vol tage
CTRL —= Generator

1/0 Circuit

!

DATA




US 9,406,393 B2

Sheet 2 of 23

Aug. 2, 2016

U.S. Patent

2

FIG.

100

BLK1
/

140

il

—IL

—IL

—IL

—IL

—IL

—IL

—IL

DL
14n

Page Buffer

.L5
_ 53
e I I T T
_ 83
e e B I T T
_ - - as
N = S I T T T S
| 33
e e = S e ==
£ e (P D I S— —————+——+— 8%
/ — b ol L ol S L bl L L L [
! D= O LI O LI QI O Qo = @1 _
_ [4p] = = = = = = = 8] _
o e ] SUUURUSRUUTY SUSEUUURUUURIUE IUUUERUINNS: RUUUSIUUURIUUORS UURUUURIUURRI SO e f
— o8] N~ [{e) ) <t o (&N — — |
w) —d e wd | | od o} e w) [dp)
A = = = = = = = = ] 'S




U.S. Patent Aug. 2, 2016 Sheet 3 of 23 US 9,406,393 B2

# of cells 4
E
N Vth
# of cellsh '
E P1 P2 P3
(11) (10) (00) (01)

T T T Vth

Vviyi Vvfy2  Vviy3



US 9,406,393 B2

Sheet 4 of 23

Aug. 2, 2016

U.S. Patent

SAIAN  ZAIAN LALAA

wl / f \
L Wod
ZWwd
¢ Wod
v W9d
L-U WOd
UNOd
deyg |deyg| deig |deig doyg |deyg| deyg [deig| deig [deig| deyg [deig
Ay1IOA| WOd | A)1ioA| Wod KLUIOA| WOd | AJ148A| WOd | AS100A | WO | AL 1IGA | WOd
g -UTd pd £1d 21d 11d

wedp v

abe] | oA



U.S. Patent Aug. 2, 2016 Sheet 5 of 23 US 9,406,393 B2

# of cells 4
E
N Vth
# of cellsh '
E P1 P2 P3
(11) (10) (00) (01)

Vth
Vvfy



US 9,406,393 B2

Sheet 6 of 23

Aug. 2, 2016

U.S. Patent

aut |

- O O I I | O
AIAN
L WOd .
ghd ]
£ Nod
¥ H9d
L-U"WOd L obR ) |OA
U~ NOd
daig|deig|ceig|derg do1g|doigldels deyg|deig|deig|deig]deig
AIA | Wod | A4A | Wod A3n | wod | AIA Wod | KA | Wod | A4 | WOd
ud |-U7d bd 61 21d 17d



US 9,406,393 B2

Sheet 7 of 23

Aug. 2, 2016

U.S. Patent

pud

» SOA

¢ powiojlad

sdoo| welboid {je aly

a1e1sS 9seid
0] DBulpuodsstioo

11Qq = S8ydiej Blep
[1e {0 110 yoe]

/
1S

0615

{ole| BlEp O 11Q 1U9JIND 10 SiSBQ 8yl UO
as|nd Ajlien AQ pessed-AL118A |80 Alowsu
0] Bulpuodssliod yole| elep jo 11q abuey)

A

0Cl5—

BUl| piom pPalo8|ss 0] &sind AjiiaAa A|ddng

A

ON

A4

8181 11Q1yu’ O BiED YolR| O}
BUIPUOCSS 110D S||90 Alowsw }1qiyu]

\\

0918

Y

9Ul| piOM pPBIDB|S8S

01 asind weiboid jxau A|ddng

\x

018

%

OLES—

aul| piom paloa|as o} asind weiboid A|ddng

L O



US 9,406,393 B2

Sheet 8 of 23

Aug. 2, 2016

U.S. Patent

[U01109G pUODBS]

OFl——

1o}ing abed

00 « 1O
fmm 180
F—159
| (1"Wod)
m%s e
_gig

fuol10eg 1s1i4]

Amme \: | \~®>v
K3Ap JO siseq ay) Q
Uo |]89~}10 Se peas S| Op
\
\
///z////x KIAA
CUIA LUIA
UIA ¢ H '
” M S
1(10) ! an (1
eg ! - 3

51190 {0

g DI



US 9,406,393 B2

Sheet 9 of 23

Aug. 2,2016

U.S. Patent

[UO1108G PUODSG]

O b——

18]1ng obey

0L « 00

Lyl — 150
159

159

| (L1 WOd)
| EM

EON

[UDI108S 1stid]

(ssed Aj1lop)
AJAA JO siseq syl
Uo [{90-440 SE pedJ Si £

\
KIAN
EUIA cUlA
UIA ' | %
o X ¥
| (10) ] ﬂ/w\\ (L)
| €d g E

) S1180 10 ¢

6 "OId



US 9,406,393 B2

Sheet 10 of 23

Aug. 2, 2016

U.S. Patent

[LO1}08S PU00as]

OrL——

18]1ng abed

(11aiyut)
Ll «— 0l
rmN 180
F——"159
1S9
(Z+1 Wod)
ng e
——1s8
IHIS

[Uo1108S 15114]

(ssed Aj1lJep)
AJApN §O SISEG By}

UO | 80-}}( SB BB SI BN
AEAA
YUIA EUIA
am oy
R
(o) (L1)
VEg ) T 3
4 / - k
. /2+17Nod Bur£jddng
//\\
1 S1180 40 4



US 9,406,393 B2

Sheet 11 of 23

Aug. 2, 2016

U.S. Patent

18] ing abed

W rwr | . [ Wi vt avl vl
3

td ¢d ed ¢d td

|
|

150
159

(M pel1o9|es)
&M

o
2———-
-
) ——
C D —t—
=
oy b
P g it
=
o [ A
O.—_.—_
=

R ——
P P —
R R —
R p——

Lo (L L L
— | | | | " sS
% T r
\ 7 \,
UHIS GHIS PHIS cHisS CHI1S LHIS



US 9,406,393 B2

Sheet 12 of 23

Aug. 2, 2016

U.S. Patent

OvL—

18y ng ofiey
W | ... [ VT &l Zvl vt
£d 2d Zd—ed 2d 3—1d 3

8o ssed ALi1Jep
H TN

“
o
Wy

<5

80 J1Qiyuy Es
180 g cgges

80
1S9

(M pa1os|eg)

1SS

e



US 9,406,393 B2

Sheet 13 of 23

Aug. 2, 2016

U.S. Patent

i8] ng ofied

OFL——

wi | sl vl crl v} Wl
cd<¢d ld<—cd td<¢dd bd«—¢d E =
LU L O L U L O L
—_ . _L“ ﬁ; _L“ _L“ _L“ 189
N . . . . . .
180 ssed A} 1uep 177 . : : : : :
b B R P by Th
g . i i T STRER |
AN IR i oy i BEa3 —T—
f UEOW SEON YEON HMMQE CEON rmoib

\ oo

udLs GH1S vul1s edls cHiS RAR

6l IId



US 9,406,393 B2

Sheet 14 of 23

Aug. 2, 2016

U.S. Patent

OFL——

18] ng ofieyd

1190 ssed AJ1 e\ \w\\\\u

1180 11g1yuy %

upl Sri vl 528 vt i
ld2d J—1d J—1d J—1d 3 E
— - T“ T“ T“ T“ T“
[0 S R F Rt RN A Y A I A T T ™
1k = A s Y1 2L WW% 3 bepr |
A 75 1 2548 5% SE R ZER T
| [Yedn GEON VEIN EEON CSON LEOW |
PR
ugls GH1S PHLS EH1S culs LH1S
001

180
1S9

ol

188



US 9,406,393 B2

Sheet 15 of 23

Aug. 2, 2016

U.S. Patent

] - TN o

TEd] N\eed[ Nweal Nwed] \eeda| N\@Ed

(S

[Wod dsis eui4]

y S1180 4O #

4
|
|
!
!
!
|
!

[WDd do1s 8s1e0)]

»
A | ) S1190 10 # ,
1rZ> //UWVM /UVWM w
,
— _ m
L E|
[WNod dals 1s1]
//////l/l/ ﬂ v SI180 JO #
_YIA T~
3
y SH190 JO #



US 9,406,393 B2

Sheet 16 of 23

Aug. 2, 2016

U.S. Patent

auf|

ZAIAN LAJAA

- [H [H [H [H [H [H
L Wod
zwd
£ Wod
WO
L-U"9d
U™ NS
doyg|deig|cels deig dog|deig|deig|deigfdeig deig|deis|oeig
KA | Wad | AIA WBd Kyp | wod | AN | Wod | AIA | Wod | ASA | Wod
uld 1-U7d 7d £1d 2d 1d

whdp

obe) | oA



US 9,406,393 B2

Sheet 17 of 23

Aug. 2, 2016

U.S. Patent

17

FIG.

BLK1

o0} ™~ «© w0 < o« N — -
[QV] = - —J - - -3 - - [9p)
m.._u =z R EE = O
w
N \
o~ Y
= &3
= S S SR SRV SRR SAVE SN
[aN] + o - -
SN U LN Y Y Y Y AN NS
(@] (&
DS NASNINSR
~ N N ™~ R
AREDRSANSATND N
RISyl
AR AR IR NN
NSNSNSNSNSR
N W W MW wA./
B (Y G M (MR
<t [ap) N b =
o O L Lo W
= = = = (5]




U.S. Patent

18

FIG.

Aug. 2, 2016

L

# of cells 4

Sheet 18 of 23

Vth

US 9,406,393 B2

-

Vth

Vviy4

Vviy3

Vviy2

Vvfyl

# of cells &



US 9,406,393 B2

Sheet 19 of 23

Aug. 2, 2016

U.S. Patent

PALAN m>w»> SAIAN LALIAN
P
wbd B
HIBER whda v
jwbdp B
LUuBAA
LWBdA
LwBdA abe} |OA
LUBdA
deig daig|delg dalg do1gdalg|delg|deig|delg delgidalg|delg
AN L WDd | ASA | O AN L WO | ASA | WO | AN | WO | A4A | WOg
U1d L-UTd ¥d €id ¢d Hd



U.S. Patent Aug. 2, 2016 Sheet 20 of 23 US 9,406,393 B2

FIG. 20

ADDR

CMD
Memory Controller Nonvolatile
Memory Device

DATA

CTRL




U.S. Patent Aug. 2, 2016 Sheet 21 of 23 US 9,406,393 B2

FIG. 21
2/300
IR
Memory Controller —~—2100

NVM —~—-2200




U.S. Patent Aug. 2, 2016 Sheet 22 of 23 US 9,406,393 B2

3000
3100 3200
SSD
Buffer memory [——3240
——
— 3221
~ CH1 VM
e
SSD Controller CH2 —~—3222
Host 3210 - » NVM
1
01 ——-322n
30 , Chn UM
A
Auxiliary power
supply ——3230
3002




U.S. Patent Aug. 2, 2016 Sheet 23 of 23 US 9,406,393 B2

4000
i%OO
Memory Module
4
4500 4100 4%00
K
Application Network
User Interface fe Processor [ Module

4400

Storage Module




US 9,406,393 B2

1
NONVOLATILE MEMORY DEVICES AND
PROGRAM VERIFICATION METHODS
USING ONE VERIFICATION VOLTAGE TO
VERIFY MEMORY CELLS HAVING
DIFFERENT TARGET STATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

A claim of priority under 35 U.S.C. §119 is made to Korean
Patent Application No. 10-2014-0110864 filed Aug. 25,
2014, in the Korean Intellectual Property Office, the entire
contents of which are hereby incorporated by reference.

BACKGROUND

The inventive concepts described herein relate to semicon-
ductor memories, and more particularly, to nonvolatile
memory devices and program verification methods applied to
nonvolatile memory devices.

Semiconductor memory devices are fabricated from semi-
conductors such as silicon (Si), germanium (Ge), gallium
arsenide (GaAs), indium phosphide (InP), and the like, and
are generally categorized as either volatile or nonvolatile.

Volatile memory devices are characterized by the loss of
stored data in a power-off state, and examples thereof include
Static RAM (Static Random Access Memory), Dynamic
RAM (DRAM), Synchronous DRAM (SDRAM), and so on.
In contrast, nonvolatile memory devices are characterized by
the retention of stored data in a power-off state, and examples
thereof include Read Only Memory (ROM), Programmable
ROM (PROM), Electrically Programmable ROM (EPROM),
Electrically Erasable and Programmable ROM (EEPROM),
flash memory, Phase-change RAM (PRAM), Magnetic RAM
(MRAM), Resistive RAM (RERAM), Ferroelectric RAM
(FRAM), and so on.

Among nonvolatile memories, flash memory in particular
has been adopted in a wide variety of applications due to its
inherent operational advantages such as high memory capac-
ity, low noise characteristics, low power consumption and fast
operating speeds.

Flash memory data stores data my controlling the threshold
voltage of memory cells, such as floating gate memory cells
and charge trap flash (CTF) memory cells. Typically, a flash
memory device programs data using an incremental step
pulse programming (ISPP) scheme in which data is pro-
grammed through execution of a sequence of program loops.
Each program loop contains a program step where a program
pulse is applied to alter the threshold voltage of a memory
cell, followed by a verification step in which a threshold
voltage state of the memory cell is read for verification. Gen-
erally, the program loops are repeated until a desired thresh-
old voltage state is verified.

SUMMARY

One aspect of embodiments of the inventive concepts is
directed to provide a program verification method of a non-
volatile memory device which programs a plurality of
memory cells. The program verification method comprises
applying a plurality of verification voltages, and determining
whether programming of memory cells, having different tar-
get threshold voltage distributions, from among the plurality
of memory cells is completed based on one verification volt-
age among the plurality of verification voltages.

In exemplary embodiments, the determining includes
determining whether the memory cells having different target
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threshold voltage distributions are verify-passed, based on
the one verification voltage, and determining whether pro-
gramming of the memory cells having different target thresh-
old voltage distributions is completed, based on a predeter-
mined verification pass count.

In exemplary embodiments, the memory cells having dif-
ferent target threshold voltage distributions are verify-passed
when the memory cells having different target threshold volt-
age distributions are read to be an off cell.

In exemplary embodiments, the determining whether the
memory cells having different target threshold voltage distri-
butions are verify-passed, based on the one verification volt-
age includes changing, when one of the memory cells having
different target threshold voltage distributions is verify-
passed, a bit value of a data latch corresponding to the verify-
passed memory cell. The bit value of the data latch is changed
into one of a bit value corresponding to an erase state and bit
values corresponding to the plurality of threshold voltage
distributions.

In exemplary embodiments, the changing, when one of the
memory cells having different target threshold voltage distri-
butions is verify-passed, a bit value of a data latch corre-
sponding to the verify-passed memory cell, includes chang-
ing a bit value stored at the data latch based on the bit value
stored at the data latch.

In exemplary embodiments, the changing, when one of the
memory cells having different target threshold voltage distri-
butions is verify-passed, a bit value of a data latch corre-
sponding to the verify-passed memory cell includes, sequen-
tially changing a bit value stored at the data latch according to
a predetermined order.

In exemplary embodiments, the program verification
method further comprises program-inhibiting memory cells
determined to be program-completed.

Another aspect of embodiments of the inventive concepts
is directed to provide a program method of a nonvolatile
memory device which includes a plurality of memory cells.
The program method comprises sequentially executing a plu-
rality of program loops such that the plurality of memory cells
have a plurality of program states. Each of the plurality of
program loops includes a program step in which a program
pulse is applied to a selected word line, and a verification step
in which a plurality of verification voltages are applied to the
selected word line to verify whether programming of the
plurality of memory cells is completed. The determining
whether programming of memory cells, having different tar-
get program states, from among the plurality of memory cells
is completed is verified by one verification voltage among the
plurality of verification voltages.

In exemplary embodiments, the verification step includes
determining whether memory cells having different target
program states is verify-passed, based on the one verification
voltage.

In exemplary embodiments, program completion condi-
tions of the memory cells having different target program
states have verification pass counts that are variable accord-
ing to the different target program states.

In exemplary embodiments, the verification step further
includes changing, when the verify-passed memory cell
exists at the memory cells having different target program
states, a bit value of a data latch corresponding to the verify-
passed memory cell.

In exemplary embodiments, when the verify-passed
memory cell exists at the memory cells having different target
program states, a bit value of a data latch corresponding to the
verify-passed memory cell, includes changing the bit value of
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the data latch into one of a bit value corresponding to an erase
state and bit values corresponding to the plurality of program
states.

In exemplary embodiments, the changing, when the verify-
passed memory cell exists at the memory cells having differ-
ent target program states, a bit value of a data latch corre-
sponding to the verify-passed memory cell, further includes
changing the bit value of the data latch according to a prede-
termined order.

In exemplary embodiments, the changing, when the verify-
passed memory cell exists at the memory cells having differ-
ent target program states, a bit value of a data latch corre-
sponding to the verify-passed memory cell, further includes
changing the bit value of the data latch into a bit value corre-
sponding to a program state having a threshold voltage dis-
tribution lower than that of a program state corresponding to
the bit value of the data latch.

In exemplary embodiments, the changing the bit value of
the datalatch into a bit value corresponding to a program state
having a threshold voltage distribution lower than that of a
program state corresponding to the bit value of the data latch,
includes changing, when a threshold voltage distribution
lower than that of a program state corresponding to the bit
value of the data latch is lower than the one verification
voltage, the bit value of the data latch into a bit value corre-
sponding to the erase state.

In exemplary embodiments, the program method further
comprises program-inhibiting a memory cell, corresponding
to a data latch of which the bit value is changed, when the
changed bit value of the data latch is a bit value corresponding
1o an erase state.

Still another aspect of embodiments of the inventive con-
cepts is directed to provide a nonvolatile memory device
comprising a memory cell array including a plurality of
memory cells, a page buffer connected to the memory cell
array through a plurality of bit lines and adapted to tempo-
rarily store a plurality of data bits to be stored at the plurality
of memory cells, an address decoder connected to the
memory cell array through a plurality of word lines and
adapted to select at least one of the plurality of word lines, and
a control logic and voltage generator block adapted to control
programming such that memory cells connected to the
selected word line have target program states corresponding
to the plurality of data bits temporarily stored at the page
buffer. The control logic and voltage generator block applies
aplurality of verification voltages to the selected word line to
determine whether programming of the memory cells con-
nected to the selected word line is completed, and the control
logic and voltage generator block determines whether pro-
gramming of memory cells, having different target program
states, from among the memory cells connected to the
selected word line is completed, based on one verification
voltage among the plurality of verification voltages.

In exemplary embodiments, program completion condi-
tions of the memory cells of the different target program
states verify-passed by the one verification voltage are differ-
ent from each other, and the program completion conditions
include verify-passed counts of the memory cells.

In exemplary embodiments, the page buffer includes a
plurality of data latches corresponding to memory cells con-
nected to the selected word line, and the data latches store bit
values, corresponding to target program states of the corre-
sponding memory cells, from among the plurality of data bits.

In exemplary embodiments, when at least one of the
memory cells of the different target program states is verify-
passed, a bit value of a data latch corresponding to the verify-
passed memory cell is changed.
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In exemplary embodiments, a bit value of the data latch
corresponding to the verify-passed memory cell is changed
into one of bit values corresponding to an erase state and the
plurality of program states.

In exemplary embodiments, a bit value of the data latch
corresponding to the verify-passed memory cell is sequen-
tially changed according to a predetermined order.

In exemplary embodiments, the verify-passed memory cell
is program-inhibited when a bit value of a data latch corre-
sponding to the verify-passed memory cell is a bit value
corresponding to an erase state.

Yet another aspect of embodiments of the inventive con-
cepts is directed to provide a program verification method of
a nonvolatile memory device which programs a plurality of
memory cells such that the plurality of memory cells have a
plurality of target threshold voltage distributions. The pro-
gram verification method includes applying a verification
voltage, and determining whether programming of the plu-
rality of memory cells is completed, based on the verification
voltage. Program completion conditions of the plurality of
memory cells are different from each other according to the
plurality of target threshold voltage distributions.

Verification pass counts of the memory cells verify-passed
by the verification voltage may be different according to the
plurality of target threshold voltage distributions.

BRIEF DESCRIPTION OF THE FIGURES

Preferred embodiments of the inventive concepts will be
described below in detail with reference to the accompanying
drawings. The embodiments of the inventive concepts may,
however, be embodied in different forms and should not be
constructed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the inventive concepts to those skilled in the art. Like
numbers refer to like elements throughout.

FIG. 1 is a block diagram schematically illustrating a non-
volatile memory device according to an embodiment of the
inventive concepts;

FIG. 2 is a diagram showing an example of a page buffer
and a memory block among a plurality of memory blocks
included in the nonvolatile memory device shown in FIG. 1;

FIG. 3 is a distribution diagram showing an example of
threshold voltage distributions of memory cells shown in
FIG. 2;

FIG. 4 is a diagram for reference in describing an example
of a program method for forming the threshold voltage dis-
tributions shown in FIG. 3;

FIGS. 5 and 6 are diagrams for reference in describing a
program operation of a nonvolatile memory device according
to an embodiment of the inventive concepts;

FIG. 7 is a flow chart for reference in describing a program
operation of a nonvolatile memory device according to an
embodiment of the inventive concepts;

FIGS. 8 through 10 are diagrams for reference in further
describing the program operation shown in FIG. 7;

FIGS. 11 through 14 are diagrams for reference in describ-
ing programming of a nonvolatile memory device according
to an embodiment of the inventive concepts;

FIGS. 15 and 16 are diagrams for reference in describing a
program operation of a nonvolatile memory device according
to another embodiment of the inventive concepts;

FIG. 17 is a circuit diagram schematically illustrating a
memory block according to still another embodiment of the
inventive concepts;
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FIGS. 18 and 19 are diagrams for reference in describing
an example of a method of programming a memory block
shown in FIG. 17,

FIG. 20 is a block diagram schematically illustrating a
nonvolatile memory system to which a nonvolatile memory
device according to an embodiment of the inventive concepts
is applied;

FIG. 21 is a block diagram schematically illustrating a
memory card system including a nonvolatile memory system
according to embodiments of the inventive concepts;

FIG. 22 is a block diagram illustrating a solid state drive
including a nonvolatile memory system according to an
embodiment of the inventive concepts; and

FIG. 23 is a block diagram schematically illustrating a user
system including a nonvolatile memory system according to
an embodiment of the inventive concepts.

DETAILED DESCRIPTION

Detailed example embodiments of the inventive concepts
are disclosed herein. However, specific structural and func-
tional details disclosed herein are merely representative for
purposes of describing example embodiments of the inven-
tive concepts. Example embodiments of the inventive con-
cepts may, however, be embodied in many alternate forms and
should not be construed as limited to only the embodiments
set forth herein.

Accordingly, while example embodiments of the inventive
concepts are capable of various modifications and alternative
forms, embodiments thereof are shown by way of example in
the drawings and will herein be described in detail. It should
be understood, however, that there is no intent to limit
example embodiments of the inventive concepts to the par-
ticular forms disclosed, but to the contrary, example embodi-
ments of the inventive concepts are to cover all modifications,
equivalents, and alternatives falling within the scope of
example embodiments of the inventive concepts. Like num-
bers refer to like elements throughout the description of the
figures.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of example embodi-
ments of the inventive concepts. As used herein, the term
“and/or” includes any and all combinations of one or more of
the associated listed items.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it may be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. Other words used to describe the relationship
between elements should be interpreted in a like fashion (e.g.,
“between” versus “directly between”, “adjacent” versus
“directly adjacent”, etc.).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments of the inventive concepts.
As used herein, the singular forms “a”, “an” and “the” are
intended to include the plural forms as well, unless the con-
text clearly indicates otherwise. It will be further understood
that the terms “comprises”, “comprising,”, “includes” and/or
“including”, when used herein, specify the presence of stated

10

20

25

35

40

45

55

6

features, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, and/or groups thereof.

It should also be noted that in some alternative implemen-
tations, the functions/acts noted may occur out of the order
noted in the figures. For example, two figures shown in suc-
cession may in fact be executed substantially concurrently or
may sometimes be executed in the reverse order, depending
upon the functionality/acts involved.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which inventive concepts belong. It will be further under-
stood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

A nonvolatile memory device according to embodiments
of the inventive concepts programs memory cells such that
the memory cells have a plurality of program states (or, a
plurality of threshold voltage distributions), respectively. The
nonvolatile memory device verifies program states of the
memory cells using a plurality of verification voltages. At this
time, at least two of the plurality of program states are verified
by one verification voltage, but program completion condi-
tions (i.e., program-inhibit conditions) of the at least two
program states are different. For example, counts (i.e., veri-
fication pass counts) of the at least two program states that
memory cells corresponding to the at least two program states
are determined as an off cell by one verification voltage are
different from each other. Thus, a verification time is short-
ened because the number of verification voltages applied
during verification for the plurality of memory cells. This
means that it is possible to provide a nonvolatile memory
device with improved performance and an operating method
thereof.

FIG. 1 is a block diagram schematically illustrating a non-
volatile memory device according to an embodiment of the
inventive concepts. Referring to FIG. 1, a nonvolatile
memory device 100 includes a memory cell array 110, an
address decoder 120, a control logic and voltage generator
block 130, a page buffer 140, and an input/output circuit 150.

The memory cell array 110 includes a plurality of memory
blocks, each of which has a plurality of cell strings. As will be
described later in connection with FIG. 2, the cell strings may
contain a plurality of memory cells and be connected to a
plurality of bit lines BL, respectively. The memory cells may
also be connected to a plurality of word lines WL, respec-
tively. In exemplary embodiments, memory cells in the
memory cell array 110 may be configured to be implemented
as a single-level cell that stores one bit of data, and a multi-
level cell that stores at least two bits of data.

Still referring to FIG. 1, the address decoder 120 is con-
nected to the memory cell array 110 through a string selection
line SSL, the plurality of word lines WL, and a ground selec-
tion line GSL. The address decoder 120 decodes a column
address of anaddress ADDR received from an external device
(e.g.,amemory controller, ahost, or an application processor)
to select at least one word line of the plurality of word lines
WL. The address decoder 120 controls voltages of the word
lines WL such that reading or writing of a selected word line
is performed. The address decoder 120 may decode a column
address of the received address and output the decoded col-
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umn address to the page buffer 140. The page buffer 140 may
control bit lines BL in response to the decoded column
address.

The control logic and voltage generator block 130 controls
the address decoder 120, the page buffer 140, and the input/
output circuit 150 in response to a command CMD and a
control signal CTRL from the external device. For example,
the control logic and voltage generator block 130 controls the
address decoder 120, the page buffer 140, and the input/
output circuit 150 in response to the command CMD and the
control signal CTRL such that data is written at the memory
cell array 110. The control logic and voltage generator block
130 controls the address decoder 120, the page buffer 140,
and the input/output circuit 150 in response to the command
CMD and the control signal CTRL such that data stored at the
memory cell array 110 is output. Alternatively, the control
logic and voltage generator block 130 controls the address
decoder 120, the page buffer 140, and the input/output circuit
150 in response to the command CMD and the control signal
CTRL such that the memory cell array 110 is partially erased.

The control logic and voltage generator block 130 also
generates a variety of voltages that are needed for an opera-
tion of the nonvolatile memory device 100. Examples of such
voltages generated by the control logic and voltage generator
block 130 include read voltages, verification voltages, pro-
gram voltages, pass voltages, and erase voltages. Generally,
these voltages are provided by control logic and voltage gen-
erator block 130 to the address decoder 120.

The page buffer 140 is connected to the memory cell array
110 via the plurality of bit lines BL. The page buffer 140
temporarily stores data to be written in the memory cell array
110 or read from the memory cell array 110. In exemplary
embodiments, the page buffer 140 may contain a plurality of
latch circuits which temporarily store data. In exemplary
embodiments, the plurality oflatch circuits may be connected
to the plurality of bit lines BL, respectively.

The input/output circuit 150 receives data from the external
device and transfers the received data to the page buffer 140
under control of the control logic and voltage generator block
130. Also, the input/output circuit 150 transmits data from the
page buffer 140 to the external device under control of the
control logic and voltage generator block 130.

In exemplary embodiments, during programming of the
nonvolatile memory device 100, data to be programmed at the
memory cell array 110 may be temporarily stored at the page
buffer 140. The nonvolatile memory device 100 may program
the data stored at the page buffer 140 at the memory cell array
110 by performing a plurality of program loops. As will be
explained in greater detail later herein, each program loop
contains a program step for applying of a program pulse and
a verification step for applying of a verification voltage.

In exemplary embodiments, program states (or, threshold
voltage distributions) of memory cells may depend on data
stored at the page buffer 140. For example, the target program
states (or, target threshold voltage distributions) of memory
cells may depend on a predetermined bit ordering. The non-
volatile memory device 100 may execute a plurality of pro-
gram loops such that the memory cells have corresponding
target program states. Programming of the nonvolatile
memory device 100 according to an embodiment of the inven-
tive concepts will be more fully described with reference to
FIGS. 6 through 8.

FIG. 2 is a diagram showing an example of a page buffer
and a memory block among a plurality of memory blocks
included in the memory cell array 110 shown in FIG. 1. For
simplicity of description, only a first memory block BLK1
and a page buffer 140 connected with the first memory block
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BLK1 are illustrated in FIG. 2. However, the inventive con-
cepts are not limited to the particular configuration shown in
FIG. 2. Also, it will be understood that the memory cell array
110 of FIG. 1 may have a plurality of memory blocks.

Referring collectively to FIGS. 1 and 2, the first memory
block BLK1 of'this example contains a plurality of cell strings
STR, each of which has a string selection transistor SST, a
plurality of memory cells MC1 through MC8, and a ground
selection transistor GST. In each string STR, the string selec-
tion transistor SST is connected to a string selection line SSL,,
the memory cells MC1 through MC8 to word lines WL1
through WL8, and the ground selection transistor GST to a
ground selection line GSL.

The cell strings STR are connected to the page buffer 140
through corresponding bit lines BL.. In exemplary embodi-
ments, the cell strings STR are respectively connected to data
latches 141 through 14# of the page buffer 140 through the bit
lines BL.

In exemplary embodiments, the nonvolatile memory
device 100 programs or reads data on a page by page basis.
One or more pages of data are stored in the memory cells
connected with a given word line (e.g., WL3). One word line
(e.g., WL3) is selected upon programming of the nonvolatile
memory device 100. Data stored at the data latches 141
through 147 are programmed at memory cells connected with
a selected word line. For example, when data “00” is stored at
the first data latch 141, one, connected with the selected word
line, from among memory cells of a string STR connected to
the first data latch 141 is programmed to have a threshold
voltage corresponding to data “00”.

As mentioned above, the inventive concepts are limited to
the example of FIG. 2. For example, in exemplary embodi-
ments, the number of columns (strings) of the first memory
block BLK1 may increase or decrease relative to that shown
in FIG. 2. In this case, the number of data latches DL and the
number of bit lines BL. may increase or decrease according to
the number of strings STR.

Also in exemplary embodiments, the number of rows of the
first memory block BLK1 may increase or decrease relative to
that shown in FIG. 2. For example, the number of memory
cells included in each string of the first memory block BLK1
may increase or decrease. In this case, the number of word
lines may increase or decrease according to the number of
memory cells included in the string STR.

Also in exemplary embodiments, the number of string
selection transistor SST and/or ground selection transistors
GST included in each string STR may increase relative to that
shown in FIG. 2. In this case, the number of string selection
lines SSL or ground selection lines GSL. may increase accord-
ing to the number of string selection transistors SST or ground
selection transistors GST of each string STR.

FIG. 3 is a distribution diagram showing an example of
threshold voltage distribution of memory cells shown in FI1G.
2. FIG. 4 is a diagram for reference in describing an example
of'a program method for forming threshold voltage distribu-
tions shown in FIG. 3. For brevity of description, itis assumed
that each of a plurality of memory cells is a multi-level cell
storing 2-bit data. However, the scope and spirit of the inven-
tive concepts is not limited thereto. For example, each
memory cell may be atriplelevel cell (TLC) storing 3-bit data
or a multi-level cell storing four or more bits.

Also, it is assumed that an erase state E corresponds to data
“11”, a first program state P1 to data “10”, a second program
state P2 to data “00”, and a third program state P3 to data
“01”. However, the inventive concepts are not limited to bit
ordering of this particular example.
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Referring collectively to FIGS. 2 through 4, a plurality of
memory cells may have the erase state E. The memory cells
having the erase state E may be programmed to have one of
the erase state E and the first through third program states P1
through P3.

Asillustrated in FIG. 4, the nonvolatile memory device 100
may execute a sequence of program loops PL1 through PL.n
such that the memory cells are programmed to have one of the
erase state E and the first through third program states P1
through P3. Each of the program loops PL1 through PLn
contains a program step for applying one of program pulses
PGM_1 through PGM_n, and a verification step for applica-
tion of the verification voltages Vviy1 through Vv1y3 to each
memory cell being programmed.

For example, when the first program loop PL1 is executed,
after the first program pulse PGM_1 is applied, the first
through third verification voltages Vviy1 through Vv{y3 for
verifying program states of memory cells are sequentially
applied. At this time, memory cells of which the target pro-
gram state is the first program state P1 are verified using the
first verification voltage Vviyl, memory cells of which the
target program state is the second program state P2 are veri-
fied using the second verification voltage Vv{y2, and memory
cells of which the target program state is the third program
state P3 are verified using the third verification voltage Vv{y3.

Memory cells that are verify-passed by each of the verifi-
cation voltages Vviy1 through Vvfy3 are determined as hav-
ing the target program state. Afterwards, the verify-passed
memory cells are program-inhibited in a second program
loop PL2. A second program pulse PGM_2 which is higher by
APGM than the first program pulse PGM_1 is applied to
program remaining memory cells (or, non-verify-passed
memory cells) other than the program-inhibited memory cells
in the second program loop PL2.

Afterwards, a verification operation may be executed sub-
stantially the same as that of the first program loop PL1. In
exemplary embodiments, that memory cells are verify-passed
may mean that the memory cells are determined to be off cells
when applied with the verification voltages.

As described above, when the nonvolatile memory device
100 programs multi-level cells (MLC) storing two bits,
memory cells of which the target program states are program
states P1 through P3 are verified using the first through third
verification voltages Vviy1 through Vviy3.

FIGS. 5 and 6 are threshold voltage diagrams for describ-
ing a program operation of a nonvolatile memory device
according to an embodiment of the inventive concepts. For
brevity of description, the case in which a memory cell is
determined to be an off cell when applied with a verification
voltage Vviy in a verification step is referred to as “verifica-
tion pass”, and the case in which a memory cell is program-
inhibited by satisfying a program completion condition is
referred to as “program completion”. That is, memory cells of
the program completion state are program-inhibited in a next
program loop, but memory cells verify-passed may be not
program-inhibited in a next program loop.

Referring to FIGS. 2, 5, and 6, each memory cell may be
programmed to have one of an erase state E and first through
third program states P1 through P3. At this time, unlike FIGS.
3 and 4, a nonvolatile memory device 100 verifies program
states of memory cells using one verification voltage Vv{y.

For example, the nonvolatile memory device 100 executes
a plurality of program loops PL.1 through PLn to program a
plurality of memory cells. Each of the program loops PL1
through PLn contains a program step for applying of program
pulses PGM_1 through PGM_n and a verification step for
applying a verification voltage Vvfy.
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In the verification step, a plurality of memory cells (or, a
plurality of program state) may be verified using the verifi-
cation voltage Vviy. For example, the memory cells may have
one of an erase state E and first through third program states
P1through P3, as a target program state. At this time, memory
cells that have the first, second, or third program state P1, P2,
or P3 as the target program state are verified using the verifi-
cation voltage Vviy.

More specifically, when a target program state of a third
memory cell MC3 connected with a third word line WL3 of
FIG. 2 is the third program state P3, a threshold voltage of the
third memory cell MC3 increases as a plurality of program
states PL.1 through PLn are executed. When a threshold volt-
age of the third memory cell MC3 becomes higher than the
verification voltage Vviy by a program pulse PGM_i of an
i-th program loop PLi (i being a natural number), the third
memory cell MC3 is read as an off cell by the verification
voltage Vviy in a verification step of the i-th program loop
PLi. That is, the third memory cell MC3 is verify-passed by
the verification voltage Vviy in the i-th program loop PLi.

When the memory cell is verify-passed, the nonvolatile
memory device 100 changes a bit value of a data latch 141
corresponding to the third memory cell MC3. For example,
the data latch 141 corresponding to the third memory cell
MC3 that has the third program state P3 as the target program
state may store data “01”. When the third memory cell MC3
is verify-passed by the verification voltage Vviy, data stored
in the data latch 141 is changed into data “00” corresponding
to the second program state P2.

Afterwards, the third memory cell MC3 may be verify-
passed because a threshold voltage of the third memory cell
MC3 is higher than the verification voltage Vvfy in a verifi-
cation step corresponding to an i+l-th program loop PLi+1.
When the third memory cell MC3 is verify-passed in the
verification step of the i+1-th program loop PLi+1, data
stored at the data latch 141 is changed from data “00” corre-
sponding to the second program state P2 into data “10” cor-
responding to the first program state P1.

As described above, afterwards, in a verification step of an
i+2-th program loop PLi+2, the third memory cell MC3 is
verify-passed, and data stored at the data latch 141 is changed
from data “10” corresponding to the first program state P1
into data “11” corresponding to the erase state E. At this time,
the third memory cell MC3 is determined to be “program
completion” and is program-inhibited in subsequent program
loops. In other words, the third memory cell MC3 is deter-
mined to satisfy a program completion condition.

That is, as described above, the nonvolatile memory device
according to an embodiment of the inventive concepts
changes values of data latches corresponding to memory cells
that are verify-passed by the verification voltage Vviy. At this
time, the nonvolatile memory device 100 sequentially
changes values of data latches, based on a current bit value
stored at a data latch.

In a program method described with reference to FIGS. 3
and 4, verification about memory cells of which the target
program states are different from each other is made using
different verification voltages. For example, according to a
program method described with reference to FIGS. 3 and 4, a
memory cell of which the target program state is the third
program state P3 is verified using a third verification voltage
Vviy3. In this case, the memory cell of which the target
program state is the third program state P3 is verify-passed
once and then is program-inhibited.

However, the nonvolatile memory device 100 according to
an embodiment of the inventive concepts verifies memory
cells of which the target program states are the first through
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third program states P1 through P3, using a verification volt-
age Vviy. At this time, the nonvolatile memory device 100
sequentially changes values of data latches corresponding to
verify-passed memory cells.

For example, when a bit value of a data latch corresponding
to a memory cell verify-passed by a verification voltage Vviy
is data “01” (i.e., data corresponding to a third program state
P3), the nonvolatile memory device 100 changes a bit value of
a data latch, corresponding to a memory cell verify-passed by
the verification voltage Vviy, into data “00” (i.e., data corre-
sponding to the second program state P2). When a bit value of
a data latch corresponding to a memory cell verify-passed by
the verification voltage Vviy is data “00” (i.e., data corre-
sponding to the second program state P2), the nonvolatile
memory device 100 changes a bit value of a data latch, cor-
responding to a memory cell verify-passed by the verification
voltage Vviy, into data “10” (i.e., data corresponding to the
first program state P1). When a bit value of a data latch
corresponding to a memory cell verify-passed by the verifi-
cation voltage Vviy is data “10” (i.e., data corresponding to
the first program state P1), the nonvolatile memory device
100 changes a bit value of a data latch, corresponding to a
memory cell verify-passed by the verification voltage Vvfy,
into data “11” (i.e., data corresponding to the erase state E).
The nonvolatile memory device 100 program-inhibits
memory cells corresponding to data latches at which data
“11” (i.e., data corresponding to the erase state E) is stored.

As described above, the nonvolatile memory device 100
according to an embodiment of the inventive concepts verifies
memory cells of which the target program states are different
from each other, using a verification voltage Vvfy. At this
time, program completion conditions of the memory cells of
which the target program states are different from each other
may be different from each other. The following table 1 shows
program completion conditions of memory cells of which the
target program states are different from each other.

TABLE 1
Target Reference Verification pass count
program verification by reference
state voltage verification voltage
E _ _
P1 Vviy 1
P2 Vviy 2
P3 Vviy 3

Referring to the table 1, memory cells of which the target
program states are first through third program states P1
through P3 are verified using the verification voltage Vvfy.
Only memory cells of which the target program states are the
first program state P1 are verify-passed once by the verifica-
tion voltage Vviy and then are program-inhibited, memory
cells of which the target program states are the second pro-
gram state P2 are verify-passed two times by the verification
voltage Vviy and then are program-inhibited, and memory
cells of which the target program states are the third program
state P3 are verify-passed three times by the verification
voltage Vviy and then are program-inhibited.

According to an embodiment of the inventive concepts,
memory cells having different target program states are veri-
fied using a verification voltage, but program completion
conditions of the memory cells having different target pro-
gram states are different from each other.

FIG. 7 is a flow chart for reference in describing a program
operation of a nonvolatile memory device according to an
embodiment of the inventive concepts. Referring to FIGS. 1
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and 5 through 7, in step S110, a nonvolatile memory device
100 applies a program pulse to a selected word line. For
example, the nonvolatile memory device 100 may receive an
address ADDR from an external device (e.g., a memory con-
troller, a host, or an application processor) and select at least
one of a plurality of word lines depending on the received
address. The nonvolatile memory device 100 applies the pro-
gram pulse to the selected word line.

In step S120, the nonvolatile memory device 100 applies a
verification voltage Vviy to the selected word line. For
example, the nonvolatile memory device 100 applies the veri-
fication voltage Vvfy to the selected word line to check
whether programming of memory cells connected with the
selected word line is completed. The nonvolatile memory
device 100 determines whether memory cells connected with
the selected word line are on cells or off cells, using the
verification voltage Vviy. In exemplary embodiments, a
memory cell determined to be an off cell by the verification
voltage Vviy may be a verify-passed memory cell.

In step S130, the nonvolatile memory device 100 changes
a bit value, based on a current bit value of a data latch corre-
sponding to a memory cell verify-passed by the verification
voltage Vviy. For example, when a current bit value of a data
latch corresponding to a memory cell verify-passed by the
verification voltage Vvfy is data “01” (i.e., data correspond-
ing to a third program state P3), the nonvolatile memory
device 100 changes a bit value of the data latch, correspond-
ing to a memory cell verify-passed by the verification voltage
Vviy, into data “00” (i.e., data corresponding to a second
program state P2).

That is, when a bit value corresponding to the third pro-
gram state P3 is stored at a data latch, the nonvolatile memory
device 100 changes a bit value of the data latch into a bit value
corresponding to the second program state P2. When a bit
value corresponding to the second program state P2 is stored
at a data latch, the nonvolatile memory device 100 changes a
bit value of the data latch into a bit value corresponding to the
first program state P1. When a bit value corresponding to the
first program state P1 is stored at a data latch, the nonvolatile
memory device 100 changes a bit value of the data latch into
a bit value corresponding to the erase state E.

In other words, the nonvolatile memory device 100 sequen-
tially changes bit values of data latches corresponding to
memory cells verify-passed by the verification voltage Vvfy.

Alternatively, the nonvolatile memory device 100 sequen-
tially changes bit values of data latches corresponding to
memory cells verify-passed by the verification voltage Vviy
according to a predetermined order.

In step S140, the nonvolatile memory device 100 deter-
mines whether each of bit values of data latches correspond-
ing to memory cells connected with the selected word line
corresponds to the erase state E. The nonvolatile memory
device 100 terminates the program operation when each of bit
values of data latches corresponding to memory cells con-
nected with the selected word line corresponds to the erase
state E.

As a consequence of determining that each of bit values of
data latches corresponding to memory cells connected with
the selected word line does not correspond to the erase state E
(i.e., memory cells of which the programming is not com-
pleted exist), in step S150, the nonvolatile memory device
100 determines whether all program loops are executed.

The nonvolatile memory device 100 terminates the pro-
gram operation when all program loops are executed.

As aconsequence of determining that all program loops are
not executed (i.e., when a program loop(s) that has not been
executed exists), in step S160, the nonvolatile memory device
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100 program-inhibits memory cells corresponding to data
latches where a bit value corresponding to the erase state E is
stored. For example, the nonvolatile memory device 100 pro-
vides a power supply voltage Vcc to a bit line connected with
a data latch where a bit value corresponding to the erase state
E is stored.

In step S170, the nonvolatile memory device 100 applies a
next program pulse to the selected word line. In exemplary
embodiments, a level of a program pulse applied in step S170
may be higher than that applied in step S110.

Afterwards, the nonvolatile memory device 100 iterates
steps S120 through S170. In exemplary embodiments, a pro-
gram pulse stepwise increases as steps S120 through S170 are
iteratively performed.

According to an embodiment of the inventive concepts,
when programming a multi-level cell storing two or more
data bits, the nonvolatile memory device 100 verifies a plu-
rality of program states using a verification voltage Vviy. At
this time, program-inhibition conditions (or, program
completion condition) of program states are different from
each other. Thus, verification speed is improved upon pro-
gramming of the nonvolatile memory device 100. This means
that the performance of the nonvolatile memory device 100 is
improved.

FIGS. 8 through 10 are diagrams for reference in describ-
ing a program method shown in FIG. 7. For brevity of descrip-
tion, itis assumed that a selected word line is a third word line,
and a target program state of a third memory cell MC3 con-
nected with the third word line WL3 is a third program state
P3. Also, a program method of a nonvolatile memory device
100 will be described with respect to a memory cell (i.e., third
memory cell MC3). However, the scope and spirit of the
inventive concepts may not be limited thereto. Programming
of the nonvolatile memory device 100 may be performed in
units of a page.

In FIGS. 8 through 10, first sections show a threshold
voltage distribution of a plurality of memory cells, and second
sections show a first string STR1 and a page buffer 140.
Omitted are constituent elements that are unnecessary to
describe programming of the third memory cell MC3.

Referring to FIGS. 1 and 5 through 8, the nonvolatile
memory device 100 performs a plurality of program loops
PL1 through PLn to program the third memory cell MC3, as
illustrated in FIG. 6. For example, a threshold voltage of the
third memory cell MC3 increases from a first threshold volt-
age Vthl to a second threshold voltage Vth2 by a program
pulse PGM_i of an i-th program loop PLi.

After applying the i-th program pulse PGM_i, the nonvola-
tile memory device 100 applies a verification voltage Vviy to
determine a state of the third memory cell MC3. In this case,
the third memory cell MC3 is determined to be an off cell by
the verification voltage Vviy because a threshold voltage of
the third memory cell MC3 has increased up to the second
threshold voltage Vth2 by the i-th program pulse PGM_i, and
the second threshold voltage Vth2 is greater than the verifi-
cation voltage Vviy.

At this time, the nonvolatile memory device 100, as illus-
trated in the second section of FIG. 8, changes bit value “01”,
corresponding to a third program state P3 and stored at a data
latch 141, into bit value “00” corresponding to a second
program state P2.

That is, after the i-th program loop PLi is completed, the
third memory cell MC3 has the second threshold voltage
Vth2, and the data latch 141 corresponding to the third
memory cell MC3 stores bit value “00” corresponding to the
second program state P2.
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Next, referring to FIGS. 1, 5, 6, and 9, after performing the
i-th program loop PLi, the nonvolatile memory device 100
performs an i+1-th program loop PLi+1. For example, the
nonvolatile memory device 100 applies an i+1-th program
pulse PGM_i+1 to the third word line WL3. A threshold
voltage of the third memory cell MC3 increases up to a third
threshold voltage Vth3 from the second threshold voltage
Vth2 by the i+1-th program pulse PGM_i+1.

After the i+1-th program pulse PGM_i+1 is applied to the
third word line WL3, the nonvolatile memory device 100
applies a verification voltage Vviy to the third word line WL3
to determine a state of the third memory cell MC3. The third
memory cell MC3 is read to be an off cell by the verification
voltage Vviy because a threshold voltage of the third memory
cell MC3 has increased up to the third threshold voltage Vth3
by application of the i+1-th program pulse PGM_i+1, and the
third threshold voltage Vth3 is greater than the verification
voltage Vviy.

At this time, as illustrated in the second section of FIG. 9,
the nonvolatile memory device 100 changes bit value “007,
corresponding to the second program state P2 stored at the
data latch 141, into bit value “10” corresponding to the first
program state P1.

Finally, referring to FIGS. 1, 5, 6, and 10, after performing
the i+1-th program loop PLi+l, the nonvolatile memory
device 100 performs an i+2-th program loop PLi+2. For
example, the nonvolatile memory device 100 applies an i+2-
th program pulse PGM_i+2 to the third word line WL3. A
threshold voltage of the third memory cell MC3 increases
from the third threshold voltage Vth3 to a fourth threshold
voltage Vth4 by the i+2-th program pulse PGM_i+2.

After the i+2-th program pulse PGM_i+2 is applied to the
third word line WL3, the nonvolatile memory device 100
applies the verification voltage Vvfy to the third word line
WL3 to determine a state of the third memory cell MC3. The
third memory cell MC3 is read to be an off cell by the veri-
fication voltage Vviy because a threshold voltage of the third
memory cell MC3 has increased up to a fourth threshold
voltage Vth4 by the i+2-th program pulse PGM_i+2, and the
fourth threshold voltage Vth4 is greater than the verification
voltage Vviy.

At this time, as shown in the second section of FIG. 10, the
nonvolatile memory device 100 changes bit value “10”, cor-
responding to the first program state P1 stored at the data latch
141, into bit value “11” corresponding to an erase state E.

In subsequent program loops, the nonvolatile memory
device 100 program-inhibits the third memory cell MC3 such
that the third memory cell MC3 is not programmed.

As described with reference to FIGS. 8 through 10, when a
memory cell is read to be an off cell by a verification voltage
Vviy in a verification step of each of a plurality of program
loops PL1 through PLn (i.e., when the memory cell is verify-
passed), the nonvolatile memory device 100 according to an
embodiment of the inventive concepts sequentially changes a
bit value of a data latch corresponding to the memory cell
determined to be an off cell. In other words, the nonvolatile
memory device 100 may sequentially change a bit value of'a
data latch, corresponding to a memory cell determined to be
an off cell, according to a predetermined order. Accordingly,
a time taken to verify program states of memory cells is
shortened by reducing the number of events where a verifi-
cation voltage is applied. Thus, a nonvolatile memory device
with improved performance is provided.

FIGS. 11 through 14 are diagrams for describing program-
ming of a nonvolatile memory device according to an
embodiment of the inventive concepts. In FIGS. 8 through 10,
an embodiment of the inventive concepts is exemplified as a
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third memory cell MC3 is programmed. In contrast, program-
ming about memory cells (i.e., page unit) connected with a
third word line (i.e., a selected word line) will be described
with reference to FIGS. 11 through 14. Programming of the
nonvolatile memory device 100 is performed in units of a
page.

Referring to FIGS. 1, 6, and 11, the nonvolatile memory
device 100 contains a memory cell array 110 and a page
buffer 140. The memory cell array 110 contains first through
n-th strings STR1 through STRn, which are connected to the
page buffer 140 through bit lines BL. The page bufter 140
includes first through n-th data latches 141 through 147 that
are connected to the first through n-th strings STR1 through
STRn through the bit lines BL and correspond to the first
through n-th strings STR1 through STRn.

For example, a selected word line may be a third word line
WL3. The first through n-th strings STR1 through STRn
includes memory cells MC31 through MC3# connected with
the third word line WL3, respectively.

The nonvolatile memory device 100 receives data from an
external device (e.g., a memory controller, a host, or an appli-
cation processor). The nonvolatile memory device 100 stores
the received data at memory cells MC31 through MC3# con-
nected with the third word line WL3 (i.e., the selected word
line). For example, the nonvolatile memory device 100 pro-
grams the memory cell M31 to an erase state E, the memory
cell M32 to a first program state P1, the memory cell M33 to
a second program state P2, the memory cell M34 to a third
program state P3, the memory cell M35 to the second pro-
gram state P2, and the memory cell M3# to a third program
state P3. Above described program states may be target pro-
gram states for each of the memory cells MC31 through
MC3n.

The nonvolatile memory device 100 stores target program
states of the memory cells MC31 through MC3# at the first
through n-th data latches 141 through 14#. For example, the
nonvolatile memory device 100 stores a bit value correspond-
ing to a target program state of the memory cell MC31 at the
first data latch 141 connected with a first string STR1 that
includes the memory cell MC31. That is, the bit value stored
at the first data latch 141 may be data “11”. Likewise, the
nonvolatile memory device 100 stores bit values correspond-
ing to target program states of the memory cells MC32
through MC3# at the second through n-th data latches 142
through 14n.

Afterwards, the nonvolatile memory device 100 may per-
form a plurality of program loops shown in FIG. 6.

Referring to FIGS. 1, 6, and 12, after predetermined pro-
gram loops are executed, the memory cells MC32 and MC34
are verify-passed by a verification voltage Vviy. Threshold
voltages of the memory cells MC32 and MC34 become
higher than the verification voltage Vviy as predetermined
program loops are executed. In this case, the memory cells
MC32 and MC34 are read to be an off cell by the verification
voltage Vviy.

The nonvolatile memory device 100 changes bit values of
the data latches 142 and 144 corresponding to the verify-
passed memory cells MC32 and MC34 (i.e., memory cells
determined to be an off cell by the verification voltage Vvty).
For example, before the predetermined program loops are
executed, the data latch 142 stores a bit value corresponding
to a first program state P1 and the data latch 144 stores a bit
value corresponding to a third program state P3. When the
memory cells MC32 and MC34 are verify-passed after the
predetermined program loops, the nonvolatile memory
device 100 changes a bit value stored at the data latch 142
from a bit value corresponding to the first program state P1 to
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a bit value corresponding to an erase state E and a bit value
stored at the data latch 144 from a bit value corresponding to
the third program state P3 to a bit value corresponding to the
second program state P2.

In a next program loop, the nonvolatile memory device 100
inhibits programming for memory cells MC31 and MC32
corresponding to first and second data latches 141 and 142
each including a bit value of an erase state E. That is, that a bit
value of a data latch is changed into a bit value corresponding
to an erase state E indicates that completion of a programming
for a memory cell corresponding thereto.

Referring to FIGS. 1, 6, and 13, the first and second
memory cells MC31 and MC32 program-completed may be
program-inhibited in subsequent program loops. In a verifi-
cation step of a next program loop, memory cells MC33,
MC34, MC35, and MC3r are verify-passed. In this case, the
nonvolatile memory device 100 changes bit values of data
latches 143,144, 145, and 14z corresponding to memory cells
MC33, MC34, MC35, and MC3#. For example, a bit value of
the third data latch 143 is changed into a bit value correspond-
ing to a first program state P1 from a bit value corresponding
to a second program state P2 and a bit value of the third fourth
latch 144 into a bit value corresponding to the first program
state P1 from a bit value corresponding to the second program
state P2. A bit value of the fifth data latch 145 is changed into
a bit value corresponding to the first program state P1 from a
bit value corresponding to the second program state P2 and a
bit value of the n-th fourth latch 14» into a bit value corre-
sponding to the second program state P2 from a bit value
corresponding to the third program state P3.

Likewise, referring to FIGS. 1, 6, and 14, in a verification
step of a program loop following a program loop shown in
FIG. 13, memory cells MC33, MC34, MC35, and MC3# are
verify-passed, and the nonvolatile memory device 100
changes bit values of the data latches 143, 144, 145, and 14x.

As described above, the nonvolatile memory device 100
according to an embodiment of the inventive concepts
executes a plurality of program loops such that each of
memory cells has one of a plurality of program states. At this
time, the nonvolatile memory device 100 verifies at least two
program states using a verification voltage. Program comple-
tion conditions of the at least two program states are different
from each other. For example, the numbers of events that
memory cells of which the target program states are the at
least two program states are verify-passed or are determined
to be an off cell by a verification voltage are different from
each other.

That is, as described above, the number of events that a
verification voltage is applied is reduced, thereby making it
possible to improve the performance of the nonvolatile
memory device 100.

FIGS. 15 and 16 are diagrams for describing a program
operation of a nonvolatile memory device according to
another embodiment of the inventive concepts. It is assumed
that a nonvolatile memory device 100 includes multi-level
cells (MLC or TLC) each storing 3-bit data. However, the
scope and spirit of the inventive concepts may not be limited
thereto.

The nonvolatile memory device 100 performs a first pro-
gram operation such that a plurality of memory cells have an
erase state E or a program state P11. Afterwards, the nonvola-
tile memory device 100 performs coarse programming such
that memory cells having the erase state E have one of the
erase state E and program states P21 through P23 and
memory cells having the first program state P11 have one of
program states P24 through P27.
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Afterwards, the nonvolatile memory device 100 performs
fine programming such that the program states P21 through
P27 are distributed like program states P31 through P37.

In exemplary embodiments, a program manner of a non-
volatile memory device 100 described with reference to
FIGS. 5 through 14 may be applied to coarse programming.
For example, as illustrated in FIG. 16, the nonvolatile
memory device 100 executes a plurality of program loops
PL1 through PLn and programs the memory cells with one of
the erase state E and the program states P21 through P27.

In a verification step of each of a plurality of program loops
PL1 through PLn, the nonvolatile memory device 100 applies
first and second verification voltages Vviyl and Vviy2 to a
selected word line to verify program states of the memory
cells.

For example, memory cells of which the target program
states are program states P21, P22, and P23 are verified by the
first verification voltage Vvifyl, and memory cells of which
the target program states are program states P24, P25, P26,
and P27 are verified by the second verification voltage Vv{y2.
Similarly with that described with reference to FIGS. 5
through 14, memory cells having different target program
states are verified using the same verification voltage, but
their program completion conditions are different from each
other. The following table 2 shows program completion con-
ditions (i.e., program-inhibit conditions) of program states
P21 through P27.

TABLE 2
Target Reference Verification pass count
program verification by reference
state voltage verification voltage
E _ _
P21 Vviyl 1
P22 Vviyl 2
P23 Vviyl 3
P24 Vviy2 1
P25 Vviy2 2
P26 Vviy2 3
P27 Vviy2 4

Referring to the table 2, the program states P21, P22, and
P23 are verified using a first verification voltage Vviy1, but
their verification pass counts by the first verification voltage
Vviyl are different from each other. That is, when verify-
passed once by the first verification voltage Vviyl, the pro-
gram state P21 is program-inhibited in a next program loop.
In contrast, when verify-passed three times by the first veri-
fication voltage Vviyl, the program state P23 is program-
inhibited in a next program loop.

Likewise, program states P24, P25, P26, and P27 are veri-
fied by the second verification voltage Vviy2, but their veri-
fication pass counts by the second verification voltage Vviy2
are different from each other.

In detail, it is assumed that a memory cell of which the
target program state is a program state P27 is programmed. In
this case, when the memory cell is determined to be an off cell
by the second verification voltage Vviy2, the nonvolatile
memory device 100 changes a bit value of a data latch corre-
sponding to a verify-passed memory cell from a bit value of
the program state P27 to a bit value of the program state P26.
Afterwards, whenever the memory cell is verify-passed by
the second verification voltage Vvfy2, the nonvolatile
memory device 100 sequentially changes a bit value of a data
latch of a verify-passed memory cell: P27—P26—-P25—-P24.

In exemplary embodiments, when a memory cell is verify-
passed and a bit value of a data latch corresponding to the
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verify-passed memory cell is a bit value of the program state
P24, the nonvolatile memory device 100 changes a bit value
of a data latch from a bit value of the program state P24 to a
bit value of the erase state E. The memory cell is program-
inhibited in subsequent program loops.

That is, the nonvolatile memory device 100 changes bit
values of data latches corresponding to verify-passed
memory cells into bits corresponding to lower program states.
When a threshold voltage distribution of a lower program
state is lower than a reference verification voltage, a bit value
of'a data latch corresponding to a verify-passed program state
is changed into a bit value corresponding to an erase state E.
In exemplary embodiments, the lower program state indicates
a program state having a threshold voltage distribution range
smaller than a program state corresponding to a bit value
stored at a data latch.

Program and program verification methods of a nonvolatile
memory device 100 are exemplarily described with reference
to FIGS. 15 and 16. However, the scope and spirit of the
inventive concepts may not be limited thereto. Although not
shown in figures, for example, during a first program opera-
tion 1st step PGM, the nonvolatile memory device 100 pro-
grams a plurality of memory cells such that four threshold
voltage distributions are formed. In this case, the nonvolatile
memory device 100 programs memory cells, based on the
program and program verification methods described with
reference to FIGS. 5 through 14. Also, during coarse pro-
gramming, the nonvolatile memory device 100 programs a
plurality of memory cells using two or more verification
voltages. In addition, during fine programming, the nonvola-
tile memory device 100 programs a plurality of memory cells
using seven verification voltages. The seven verification volt-
ages are verification voltages for verifying memory cells of
which the target program states are program states P31
through P37.

The program and program verification methods described
with reference to FIGS. 15 and 16 are exemplary. The pro-
gram and program verification methods may be variously
changed or modified according to the number of bits stored at
a memory cell and the number of target threshold voltage
distributions.

As described above, the nonvolatile memory device 100
programs a plurality of memory cells with one of a plurality of
program states. At this time, the nonvolatile memory device
100 verifies at least two program states of the plurality of
program states using a verification voltage. At this time,
counts of the at least two program states verify-passed by the
verification voltage are different from each other. That is, the
number of events that the verification voltage is applied
decreases when multi-level cells storing a plurality of bits are
programmed, thereby making it possible to improve the per-
formance of a nonvolatile memory device.

A program verification method described with reference to
FIGS. 5 through 16 is exemplary, and the scope and spirit of
the inventive concepts may not be limited thereto. The non-
volatile memory device 100 programs a plurality of memory
cells to have one of a plurality of threshold voltage distribu-
tions. The nonvolatile memory device 100 performs verifying
about threshold voltage distributions of the plurality of
memory cells, based on a plurality of verification voltages. At
this time, at least two of the plurality of threshold voltage
distributions are verified by a verification voltage, but pro-
gram completion conditions of the at least two threshold
voltage distributions are different from each other. That is, the
scope and spirit of the inventive concepts may not be limited
to a program verification method described with reference to
FIGS. 5through 16. For example, in a verification step, one or
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more verification voltages are applied, and at least two thresh-
old voltage distributions or program states are verified using
one of the one or more verification voltages.

FIG. 17 is a circuit diagram schematically illustrating a
memory block according to still another embodiment of the
inventive concepts. Illustrated in FIG. 17 is a first memory
block BLK1. However, the scope and spirit of the inventive
concepts may not be limited thereto. The remaining memory
blocks may also have the same structure as the first memory
block BLK1. However, the scope and spirit of the inventive
concepts may not be limited thereto.

Referring to FIG. 17, the first memory block BLK1
includes a plurality of cell strings CS11, CS12, CS21 and
CS22. The cell strings CS11, CS12, CS21 and CS22 are
arranged along a row direction and a column direction to form
rows and columns.

Each of the cell strings CS11, CS12, CS21 and CS22 may
include a plurality of cell transistors. The cell transistors
includes a string select transistor SST, a plurality of memory
cells MC1~MC8 and a ground select transistor GST. The
string select transistor SST is connected to a string select line
SSL. The string select line SSL. may be divided into first and
second string select lines SSL.1 and SSL.2. The memory cells
MC1~MCS8 are connected to word lines WL1~WL8 respec-
tively. Word lines having the same height are connected in
common. The ground select transistor GST is connected to a
ground select line GSL. Each cell string is connected between
a bit line BL and a common source line CSL. That is, the
string select transistor SST is connected to the bit line BL. and
the ground select transistor GST is connected to the common
source line CSL.

Cell strings disposed in the same column are connected to
the same bit line. For example, the cell strings CS11 and CS21
are connected to a first bit line BL1. The cell strings CS12 and
(S22 are connected to a second bit line BL2.

Cell strings disposed in the same row are connected to the
same string select line. For example, the cell strings CS11 and
CS12 are connected to the first string select line SSL.1. The
cell strings CS21 and CS22 are connected to the second string
select line SSL2.

Each of the cell strings CS11, CS12, CS21 and CS22 is
stacked in a direction perpendicular to a substrate (not
shown). For example, the ground select transistor GST, the
memory cells MC1-MC8 and the string select transistor SST
may be stacked in the direction perpendicular to the substrate
to be formed. In exemplary embodiments, the memory cells
MC1-MC8 may be constituted by charge trap flash (CTF)
memory cells.

The inventive concept is not limited to the first memory
block BLK1 illustrated in FIG. 17. For example, the number
of rows of cell strings may be increased or reduced relative to
that of FIG. 17. As the number of rows of cell strings is
changed, the number of string select lines or ground select
lines connected to rows of the cell strings and the number of
cell strings connected to one bit line may also be changed.

The number of columns of cell strings may be increased or
reduced relative to that of FIG. 17. As the number of columns
of cell strings is changed, the number of bit lines connected to
columns of the cell strings and the number of cell strings
connected to one string select line may also be changed.

A height of cell strings may be increased or reduced rela-
tive to that of FIG. 17. For example, the number of memory
cells being stacked in each cell string may be increased or
reduced. As the number of memory cells being stacked in
each cell string is changed, the number of word lines may also
be changed.
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The number of string select transistors and/or ground select
transistors being provided each cell string may be increased
relative to that of FIG. 17. For example, as the number of
string select transistors or ground select transistors being
provided each cell string is changed, the number of string
select lines or ground select lines may also be changed. In the
case that the number of string select lines or ground select
lines is increased, the string select lines or the ground select
lines may be stacked in the same form as the memory cells
MC1-MCS8.

In exemplary embodiments, write and read operations may
be performed by a row unit of the cell strings CS11, CS12,
CS21 and CS22. The cell strings CS11, CS12, CS21 and
CS22 may be selected by one row unit by the string select
lines SSL1 and SSL2.

In a selected row of the cell strings CS11, CS12, CS21 and
(S22, write and read operations may be performed by a page
unit. The page may be one row of memory cells connected to
one word line. Alternatively, the page may be a unit of data
stored in one row of memory cells connected to one word line.
In a selected row of the cell strings CS11, CS12, CS21 and
CS22, memory cells may be selected by a page unit by the
word lines WL1-WLS.

In an embodiment of the present inventive concept, a three
dimensional (3D) memory array is provided. The 3D memory
array is monolithically formed in one or more physical levels
of arrays of memory cells having an active area disposed
above a silicon substrate and circuitry associated with the
operation of those memory cells, whether such associated
circuitry is above or within such substrate. The term “mono-
lithic” means that layers of each level of the array are directly
deposited on the layers of each underlying level of the array.

In an embodiment of the present inventive concept, the 3D
memory array includes vertical NAND strings that are verti-
cally oriented such that at least one memory cell is located
over another memory cell. The at least one memory cell may
comprise a charge trap layer. Each vertical NAND string may
include at least one select transistor located over memory
cells, the at least one select transistor having the same struc-
ture with the memory cells and being formed monolithically
together with the memory cells.

The following patent documents, which are hereby incor-
porated by reference, describe suitable configurations for
three-dimensional memory arrays, in which the three-dimen-
sional memory array is configured as a plurality of levels,
with word lines and/or bit lines shared between levels: U.S.
Pat. Nos. 7,679,133; 8,553,466; 8,654,587, 8,559,235; and
US Pat. Pub. No. 2011/0233648.

FIGS. 18 and 19 are diagrams for reference in describing a
method of programming a first memory block shown in FIG.
17. For brevity of description, it is assumed that memory cells
ofafirst memory block BLK1 are triple level cells (TLC) each
storing three bits. However, the scope and spirit of the inven-
tive concepts is not limited thereto.

Referring to FIGS. 1 and 17 through 19, a nonvolatile
memory device 100 programs a plurality of memory cells
having an erase state E such that each of the plurality of
memory cells has one of the erase state E and first through
seventh program states P1 through P7. This programming is
referred to as one-shot programming.

The nonvolatile memory device 100 verifies program states
of memory cells using first through fourth verification volt-
ages Vviyl through Vviy4. For example, the nonvolatile
memory device 100, as illustrated in FIG. 19, executes a
plurality of program loops PL1 through PLn to program a
plurality of memory cells. Each of the plurality of program
loops PL1 through PLn includes a program step and a verifi-
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cation step. In the program step, the nonvolatile memory
device 100 supplies program voltages PGM_1 through
PGM_n. In the verification step, the nonvolatile memory
device 100 verifies program states of memory cells using the
first through fourth verification voltages Vviyl through
Vviy4.

The nonvolatile memory device 100 verifies program states
of memory cells of which the target program states are a first
or second program state P1 or P2, using the first verification
voltage Vviyl. The nonvolatile memory device 100 verifies
program states of memory cells of which the target program
states are a third or fourth program state P3 or P4, using the
second verification voltage Vv{y2. The nonvolatile memory
device 100 verifies program states of memory cells of which
the target program states are a fifth or sixth program state P5
or P6, using the third verification voltage Vvi{y3. The non-
volatile memory device 100 verifies program states of
memory cells of which the target program states are seventh
program states P7, using the fourth verification voltage
Vviy4.

As described with reference to FIGS. 5 through 16, when a
memory cell is verify-passed by a reference verification volt-
age, the nonvolatile memory device 100 sequentially changes
a bit value of a data latch corresponding to the verify-passed
memory cell. Alternatively, when a memory cell is verify-
passed by a reference verification voltage, the nonvolatile
memory device 100 changes a bit value, based on a bit value
currently stored at a data latch corresponding to the verify-
passed memory cell.

At this time, program completion conditions (i.e., pro-
gram-inhibit conditions) of memory cells are different from
each other. For example, the following table 3 shows program
completion conditions of memory cells of which the target

program states are program states P1 through P7.
TABLE 3
Target Reference Verification pass count
program verification by reference verification
state voltage voltage
E _ _
P1 Vviyl 1
P2 Vviyl 2
P3 Vviy2 1
P4 Vviy2 2
Ps Vviy3 1
P6 Vviy3 2
P7 Vviyd 1

Referring to the table 3, memory cells of which the target
program states are a first program state P1 are verified by a
first verification voltage Vviyl. However, memory cells that
are verify-passed once by the first verification voltage Vvfyl
(i.e., memory cells determined to be an off cell) are program-
inhibited.

Memory cells of which the target program states are a
second program state P2 are verified by the first verification
voltage Vviyl, and the memory cells are program-inhibited
when the memory cells are verify-passed two times by the
first verification voltage Vviyl (i.e., memory cells deter-
mined to be an off cell).

Likely, Memory cells of which the target program states are
a third program state P3 are verified by a second verification
voltage Vviy2, and the memory cells are program-inhibited
when the memory cells are verify-passed once by the second
verification voltage Vvfy2 (i.e., memory cells determined to
be an off cell).
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Memory cells of which the target program states are a
fourth program state P4 are verified by the second verification
voltage Vviy2, and the memory cells are program-inhibited
when memory cells are verify-passed two times by the second
verification voltage Vvfy2 (i.e., memory cells determined to
be an off cell).

As described above, the nonvolatile memory device 100
programs a plurality of memory cells such that each of the
plurality of memory cells has one of a plurality of program
states, and at least two program states of the plurality of
program states are verified using a verification voltage. At this
time, counts of the at least two program states verify-passed
by a verification voltage are different from each other. That is,
a time taken to verify memory cells is reduced because it is
unnecessary to apply verification voltages corresponding to
the plurality of program states. This means that the perfor-
mance of a nonvolatile memory device is improved.

FIG. 20 is a block diagram schematically illustrating a
nonvolatile memory system to which a nonvolatile memory
device according to an embodiment of the inventive concepts
is applied. Referring to FIG. 20, a nonvolatile memory system
1000 contains a memory controller 1100 and a nonvolatile
memory device 1200.

The memory controller 1100 controls the nonvolatile
memory device 1200 according to a request of an external
device (e.g., host or application processor). For example, the
memory controller 1100 sends an address ADDR, a command
CMD, and a control signal CTRL to the nonvolatile memory
device 1200 to read data stored at the nonvolatile memory
device 1200. The nonvolatile memory device 1200 transmits
data to the memory controller 1100 in response to signals
from the memory controller 1100.

The memory controller 1100 sends an address ADDR, a
command CMD, a control signal CTRL, and data to the
nonvolatile memory device 1200 to store the data at the non-
volatile memory device 1200. The nonvolatile memory
device 1200 stores data in response to signals from the
memory controller 1100. At this time, the nonvolatile
memory device 1200 stores data depending on a program
method or a program verification method described with ref-
erence to FIGS. 1 through 19.

FIG. 21 is a block diagram schematically illustrating a
memory card system including a nonvolatile memory system
according to embodiments of the inventive concepts. Refer-
ring to FIG. 21, a memory card system 2000 contains a
memory controller 2100, a nonvolatile memory 2200, and a
connector 2300.

The memory controller 2100 is connected to the nonvola-
tile memory 2200. The memory controller 2100 is configured
to access the nonvolatile memory 2200. For example, the
memory controller 2100 may be adapted to control an overall
operation of the nonvolatile memory 2200 including, but not
limited to, a read operation, a write operation, an erase opera-
tion, and a background operation. The memory controller
2100 provides an interface between the nonvolatile memory
2200 and a host. The memory controller 2100 is configured to
drive firmware for controlling the nonvolatile memory 2200.

In exemplary embodiments, the memory controller 2100
may include components such as, but not limited to, a RAM,
aprocessing unit, a host interface, a memory interface, and an
error correction unit.

The memory controller 2100 communicates with an exter-
nal device through the connector 2300. The memory control-
ler 2100 communicates with an external device according to
a particular communication protocol. For example, the
memory controller 2100 may communicate with the external
device through at least one of various interface protocols such
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as, but not limited to, universal serial bus (USB, multimedia
card (MMC), eMMC (embedded MMC), peripheral compo-
nent interconnection (PCI), PCl-express (PCI-E), advanced
technology attachment (ATA), a serial-ATA protocol, paral-
lel-ATA, small computer small interface (SCSI), enhanced
small disk interface (ESDI), integrated drive electronics
(IDE), UFS (Universal Flash Storage), WiFi, Bluetooth,
NVMe, and Firewire. In exemplary embodiments, the con-
nector 2300 may be defined by at least one of the communi-
cation protocols.

In exemplary embodiments, the nonvolatile memory 2200
may be implemented with a variety of nonvolatile memory
devices, such as, but not limited to, an EPROM (Electrically
Erasable and Programmable ROM), a NAND flash memory,
a NOR flash memory, a PRAM (Phase-change RAM), an
ReRAM (Resistive RAM), a FRAM (Ferroelectric RAM),
and an STT-MRAM (Spin-Torque Magnetic RAM).

The memory controller 2100 or the nonvolatile memory
2200 may be packaged according to any of a variety of dif-
ferent packaging technologies. Examples of such packaging
technologies may include PoP (Package on Package), Ball
grid arrays (BGAs), Chip scale packages (CSPs), Plastic
Leaded Chip Carrier (PLCC), Plastic Dual In-Line Package
(PDIP), Die in Waffle Pack, Die in Wafer Form, Chip On
Board (COB), Ceramic Dual In-Line Package (CERDIP),
Plastic Metric Quad Flat Pack (MQFP), Small Outline
(SOIC), Shrink Small Outline Package (SSOP), Thin Small
Outline (TSOP), Thin Quad Flatpack (TQFP), System In
Package (SIP), Multi Chip Package (MCP), Water-level Fab-
ricated Package (WFP), and Wafer-Level Processed Stack
Package (WSP). Alternatively, the nonvolatile memory 2200
may include a plurality of nonvolatile memory chips, which
are implemented in one of the above-described packaging
technologies.

In exemplary embodiments, the memory controller 2100
and the nonvolatile memory 2200 may be integrated in a
single semiconductor device. The memory controller 2100
and the nonvolatile memory 2200 may be integrated in a
single semiconductor device to form a solid state drive (SSD).
The memory controller 2100 and the nonvolatile memory
2200 may be integrated in a single semiconductor device to
form a memory card such as, but not limited to, a PC card
(PCMCIA, personal computer memory card international
association), a compact flash card (CF), a smart media card
(SM, SMC), a memory stick, a multimedia card (MMC, RS-
MMC, MMCmicro), an SD card (SD, miniSD, microSD,
SDHC), and a universal flash storage (UFS).

In exemplary embodiments, the nonvolatile memory 2200
may program data according to a control of the memory
controller 2100. At this time, the nonvolatile memory 2200
may program data, based on a program method or a program
verification method described with reference to FIGS. 5
through 19.

FIG. 22 is a block diagram illustrating a solid state drive
including a nonvolatile memory system according to an
embodiment of the inventive concepts. Referring to FIG. 22,
a solid state drive (SSD) system 3000 comprises a host 3100
and an SSD 3200. The SSD 3200 exchanges signals SGL with
the host 3100 through the host interface 3001 and is supplied
with a power through a power connector 3002. The SSD 3200
comprises a plurality of flash memories 3221 to 322%, an SSD
controller 3210, an auxiliary power supply 3230, and a buffer
memory 3240.

The SSD controller 3210 controls the flash memories 3221
to 322 in response to a signal SIG from the host 3100. For
example, the signal SIG may be a signal that is based on
interfaces of the host 3100 and the SSD 3200. For example,
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the signal SIG may be a signal defined in compliance with at
least one of various interface protocols such as, but not lim-
ited to, universal serial bus (USB, multimedia card (MMC),
eMMC (embedded MMC), peripheral component intercon-
nection (PCI), PCl-express (PCI-E), advanced technology
attachment (ATA), a serial-ATA protocol, parallel-ATA,
small computer small interface (SCSI), enhanced small disk
interface (ESDI), integrated drive electronics (IDE), UFS
(Universal Flash Storage), WiFi, Bluetooth, NVMe, and
Firewire.

The auxiliary power supply 3230 is connected to the host
3100 via the power connector 3002. The auxiliary power
supply 3230 is charged by a power PWR from the host 3100.
When a power is not smoothly supplied from the host 3100,
the auxiliary power supply 3230 powers the SSD system
3000. The auxiliary power supply 3230 may be placed inside
or outside the SSD 3200. For example, the auxiliary power
supply 3230 may be put on a main board to supply an auxil-
iary power to the SSD 3200.

The buffer memory 3240 acts as a buffer memory of the
SSD 3200. For example, the buffer memory 3240 temporarily
stores data received from the host 3100 or from the flash
memories 3221 to 322#, or it temporarily stores metadata
(e.g., mapping tables) of the flash memories 3221 to 322x.
The buffer memory 3240 may include volatile memories such
as DRAM, SDRAM, DDR SDRAM, LPDDR SDRAM,
SRAM, and so on or nonvolatile memories such as FRAM
ReRAM, STT-MRAM, PRAM, and so on.

In exemplary embodiments, the nonvolatile memories
3221 through 3227 may store data or output stored data
according to a control of the SSD controller 3210. The non-
volatile memories 3221 through 3227~ may be implemented
with a nonvolatile memory device 100 described with refer-
ence to FIGS. 5 through 19 and store data depending on a
program method or a program verification method described
with reference to FIGS. 5 through 19.

FIG. 23 is a block diagram schematically illustrating a user
system including a nonvolatile memory system according to
an embodiment of the inventive concepts. Referring to FIG.
23, a user system 4000 includes an application processor
4100, a memory module 4200, a network module 4300, a
storage module 4400, and an input interface 4500.

The application processor 4100 drives components of the
user system 4000, an operating system, and so on. For
example, the application processor 4100 may include con-
trollers for controlling components of the user system 4000,
graphics engines, a variety of interfaces, and so on. The
application processor 4100 may be implemented with a sys-
tem-on-chip (SoC).

The memory module 4200 operates as a main memory, a
working memory, a buffer memory, or a cache memory ofthe
user system 4000. The memory module 4200 may be imple-
mented with a volatile random access memory, such as
DRAM (Dynamic Random Access Memory), SDRAM (Syn-
chronous DRAM), DDR SDRAM (Double Date Rate
SDRAM), DDR2 SDRAM, DDR3 SDRAM, LPDDR
DRAM, LPDDR2 DRAM, or LPDDR3 DRAM or a nonvola-
tile random access memory, such as PRAM (Phase-change
RAM), MRAM (Magnetic RAM), RRAM (Resistive RAM),
or FRAM (Ferroelectric RAM). In exemplary embodiments,
the application processor 4100 and the memory module 4200
are packed in a semiconductor package depending on the POP
(Package on Package).

The network module 4300 communicates with external
devices. For example, the network module 4300 may support
wireless communications, such as CDMA (Code Division
Multiple Access), GSM (Global System for Mobile commu-
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nication), WCDMA (wideband CDMA), CDMA-2000,
TDMA (Time Division Multiple Access), LTE (Long Term
Evolution), Wimax, WLAN, UWB, Bluetooth, WI-DI, and so
on. As another embodiment, the network module 4300 may
be embedded in the application processor 4100.

The storage module 4400 stores data. For example, the
storage module 4400 stores data received from the applica-
tion processor 4100. Alternatively, the storage module 4400
provides the application processor 4100 with data stored
therein. For example, the storage module 4400 may be imple-
mented with a nonvolatile semiconductor memory device
such as PRAM, MRAM, RRAM, NAND flash memory, NOR
flash memory, or a three-dimensional NAND flash memory.
In exemplary embodiments, the storage module 4400 may be
implemented with a removable drive, such as a memory card
of the user system 4000 or an external drive.

In exemplary embodiments, the storage module 4400 may
include a plurality of nonvolatile memory devices, which
store data depending on a program method or a program
verification method described with reference to FIGS. 5
through 19.

The input interface 4500 may provide interfaces for pro-
viding data or commands to the application processor 4100 or
for outputting data to an external device. For example, the
input interface 4500 may include user input interfaces, such
as a key board, a key pad, a button, a touch panel, a touch
screen, a touch pad, a touch ball, a camera, a microphone, a
Gyroscope, a vibration sensor, and a piezoelectric element.
The input interface 4500 may include user output interfaces,
such as an LCD (Liquid Crystal Display) device, an OLED
(Organic Light Emitting Diode) display device, an AMOLED
(Active Matrix OLED) display device, an LED, a speaker,
and a motor.

According to embodiments of the inventive concepts, a
nonvolatile memory device programs a plurality of memory
cells to have one of a plurality of program states (or, a plural-
ity of threshold voltage distributions) and verifies program
states of the memory cells using a plurality of verification
voltages. At this time, at least two of the plurality of program
states (or, a plurality of threshold voltage distributions) are
verified using a verification voltage, but program completion
conditions (i.e., program-inhibit conditions) of the at least
two program states are different from each other.

In detail, when a target program state of a first memory cell
is a first program state and a target program state of a second
memory cell is a second program state, program states of the
first and second memory cells are verified using a first veri-
fication voltage. However, program completion conditions
(i.e., program-inhibit conditions) of the at least two program
states, that is, verification pass counts by the first verification
voltage (i.e., the numbers of counts that a memory cell is
determined to be an off cell) are different from each other.

Thus, when multi-level cells storing a plurality of bits are
programmed, the number of verification voltages applied to
verify each program state is reduced. That is, a nonvolatile
memory device with improved performance and an operating
method thereof are provided.

While the inventive concepts have been described with
reference to exemplary embodiments, it will be apparent to
those skilled in the art that various changes and modifications
may be made without departing from the spirit and scope of
the present invention. Therefore, it should be understood that
the above embodiments are not limiting, but illustrative.

What is claimed is:

1. A program verification method of a nonvolatile memory
device which programs a plurality of memory cells connected
to a word line, comprising:
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applying a plurality of verification voltages to the word

line; and

determining whether programming of memory cells, hav-

ing different target threshold voltage distributions, from
among the plurality of memory cells is completed based
on one verification voltage among the plurality of veri-
fication voltages.

2. The program verification method of claim 1, wherein the
determining includes:

determining whether the memory cells having different

target threshold voltage distributions are verify-passed,
based on the one verification voltage; and

determining whether programming of the memory cells

having different target threshold voltage distributions is
completed, based on a predetermined verification pass
count.

3. The program verification method of claim 2, wherein the
memory cells having different target threshold voltage distri-
butions are verify-passed when the memory cells having dif-
ferent target threshold voltage distributions are read to be an
off cell.

4. The program verification method of claim 2, wherein the
determining whether the memory cells having different target
threshold voltage distributions are verify-passed, based on
the one verification voltage, includes:

changing, when one of the memory cells having different

target threshold voltage distributions is verify-passed, a
bit value of a data latch corresponding to the verify-
passed memory cell,

wherein the bit value of the data latch is changed into one

of a bit value corresponding to an erase state and bit
values corresponding to the plurality of threshold volt-
age distributions.

5. The program verification method of claim 4, wherein the
changing, when one of the memory cells having different
target threshold voltage distributions is verify-passed, a bit
value of a data latch corresponding to the verify-passed
memory cell, includes:

changing a bit value stored at the data latch based on the bit

value stored at the data latch.

6. The program verification method of claim 4, wherein the
changing, when one of the memory cells having different
target threshold voltage distributions is verify-passed, a bit
value of a data latch corresponding to the verify-passed
memory cell, includes:

sequentially changing a bit value stored at the data latch

according to a predetermined order.

7. The program verification method of claim 2, further
comprising program-inhibiting memory cells determined to
be program-completed.

8. A program method of a nonvolatile memory device
which includes a plurality of memory cells connected to a
word line, comprising:

sequentially executing a plurality of program loops such

that the plurality of memory cells have a plurality of
program states,

wherein each of the plurality of program loops includes:

a program step in which a program pulse is applied to the

word line; and
a verification step in which a plurality of verification volt-
ages are applied to the word line to verify whether pro-
gramming of the plurality of memory cells is completed,

wherein whether programming of memory cells, having
different target program states, from among the plurality
of memory cells is completed is verified by one verifi-
cation voltage among the plurality of verification volt-
ages.
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9. The program method of claim 8, wherein the verification
step includes:

determining whether the memory cells having different

target program states are verify-passed, based on the one
verification voltage.

10. The program method of claim 9, wherein program
completion conditions of the memory cells having different
target program states have verification pass counts that are
variable according to the different target program states.

11. The program method of claim 9, wherein the verifica-
tion step further includes:

changing, when a verify-passed memory cell exists among

the memory cells having different target program states,
a bit value of a data latch corresponding to the verify-
passed memory cell.

12. The program method of claim 11, wherein the chang-
ing, when a verify-passed memory cell exists among the
memory cells having different target program states, a bit
value of a data latch corresponding to the verify-passed
memory cell, includes:

changing the bit value of the data latch into one of a bit

value corresponding to an erase state and bit values
corresponding to the plurality of program states.

13. The program method of claim 12, wherein the chang-
ing, when a verify-passed memory cell exists among the
memory cells having different target program states, a bit
value of a data latch corresponding to the verify-passed
memory cell, further includes:

changing the bit value of the data latch according to a

predetermined order.

14. The program method of claim 12, wherein the chang-
ing, when a verify-passed memory cell exists among the
memory cells having different target program states, a bit
value of a data latch corresponding to the verify-passed
memory cell further includes:

changing the bit value of the data latch into a bit value

corresponding to a program state having a threshold
voltage distribution lower than that of a program state
corresponding to the bit value of the data latch.

15. The program method of claim 14, wherein the changing
the bit value of the data latch into a bit value corresponding to
aprogram state having a threshold voltage distribution higher
than that of a program state corresponding to the bit value of
the data latch includes:

changing, when a threshold voltage distribution of'the pro-

gram state lower than the program state corresponding to
the bit value of the data latch is lower than the one
verification voltage, the bit value of the data latch into a
bit value corresponding to the erase state.
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16. The program method of claim 11, further comprising:

program-inhibiting a memory cell, corresponding to a data
latch of which the bit value is changed, when the
changed bit value of the data latch is a bit value corre-
sponding to an erase state.

17. A nonvolatile memory device, comprising:

a memory cell array including a plurality of memory cells;

apage buffer connected to the memory cell array through a

plurality of bit lines and adapted to temporarily store a
plurality of data bits to be stored at the plurality of
memory cells;

an address decoder connected to the memory cell array

through a plurality of word lines and adapted to select at
least one of the plurality of word lines; and

a control logic and voltage generator block adapted to

control programming such that memory cells connected
to the selected word line have target program states
corresponding to the plurality of data bits temporarily
stored at the page buffer,

wherein the control logic and voltage generator block

applies a plurality of verification voltages to the selected
word line to determine whether programming of the
memory cells connected to the selected word line is
completed, and

wherein the control logic and voltage generator block

determines whether programming of memory cells, hav-
ing different target program states, from among the
memory cells connected to the selected word line is
completed, based on one verification voltage among the
plurality of verification voltages.

18. The nonvolatile memory device of claim 17, wherein
program completion conditions of the memory cells of the
different target program states verify-passed by the one veri-
fication voltage are different from each other, and

the program completion conditions include verify-passed

counts of the memory cells.

19. The nonvolatile memory device of claim 18, wherein
the page buffer includes a plurality of data latches corre-
sponding to the memory cells connected to the selected word
line, and

wherein the data latches store bit values, corresponding to

target program states of the corresponding memory
cells, from among the plurality of data bits.

20. The nonvolatile memory device of claim 19, wherein
when at least one of the memory cells of the different target
program states is verify-passed, a bit value of a data latch
corresponding to the verify-passed memory cell is changed.

#* #* #* #* #*



